The application of inelastic scattering of monoenergetic beams of metastable 2 3 S helium atoms (He*) from surfaces of magnetic insulators to study the dynamical properties of surface electron-spin systems is considered. The study is based on a calculation of the differential inelastic reflection coefficient for magnetic scattering using a distorted-wave Born approximation approach. The NiO͑001͒ surface is used as an example. The adiabatic scattering potential as well as the exchange coupling between a metastable He atom and the surface electron spins are determined by a configuration interaction calculation for an embedded NiO cluster model. The efficiency of measuring an inelastic magnetic event based on this calculation is estimated to be ϳ10 Ϫ6 .
I. INTRODUCTION
The scattering of light noble gas atomic beams from surfaces has proven to be a very useful technique for determining structural and dynamical properties of the surface atomic lattice. In this capacity helium atom scattering ͑HAS͒ is the archetypical example. Elastic He atom scattering ͑EHAS͒ has provided valuable information about surface structures, surface defects, and about the growth of ultrathin films. 1 Inelastic HAS ͑IHAS͒ has played a leading role over the past decade in revealing unprecedented information about the dynamics of solid surfaces, ranging from surface phonon dispersion curves to diffusion and the dynamics of surface melting. 2 Theoretical modeling of the elastic scattering of He atoms from solid surfaces has followed two approaches; one adopts the semiclassical framework of the eikonal approximation, 3 and the other a quantum-mechanical formulation based on the Born approximation. 4 Inelastic scattering of He atoms, involving interaction with the surface vibrations, was treated by Manson and Celli ͑MC͒ using a distorted-wave Born approximation ͑DWBA͒ approach. [4] [5] [6] Their work presented the first theoretical assessment of the feasibility of obtaining single surface-phonon dispersions from inelastic scattering events of He atoms.
Recently, we have demonstrated that elastic diffractive scattering of a monochromatic beam of metastable 2 3 S He atoms (He*) from the surfaces of magnetic insulating crystals can be used to determine the structural configurations of long-range electron-spin ordering on these surfaces. [7] [8] [9] [10] This technique is based on the idea that the postscattering survivability of these atoms in the metastable state depends on the relative orientation of the local surface electron-spin and the electron spin polarization of the He* atoms. A periodic modulation of the surface electron spin orientation will then result in a corresponding diffraction pattern of the scattered beam of surviving He*'s. Although this technique opens the way for extensive studies of surface electron-spin ordering on magnetic surfaces the dynamical properties of these spins remain inaccessible to experimental studies.
In this paper we examine the possibility of extending the applicability of He* atom scattering ͑MHAS͒ to study the dynamical properties of surface electron-spin systems. We derive an expression for the differential inelastic reflection coefficient for energy-exchange events involving surface electron-spin excitations. By convoluting the differential reflection coefficient with a typical instrument response function we obtain estimates of the efficiency of measuring an inelastic magnetic scattering event. These estimates support the feasibility of such measurements if a monochromatized incident He* beam flux Ͼ10 6 particles/sec can be achieved. The derivation of the differential inelastic reflection coefficient is based on the two-potential formalism of Gell-Mann and Goldberger, 11 which has been previously used by Manson and Celli 4 to obtain the differential inelastic reflection coefficient for inelastic scattering of ground-state helium atoms (He 0 ) from surface phonons. In this approach the scattering potential is divided into two parts: The first involves a large static and adiabatic part U that accounts for the elastic scattering. The scattering problem for this potential is solved exactly. In the present approach we extend the role of the large adiabatic potential U to include not only the elastic scattering of surviving He*'s, but also to account for the decay of He* atoms to He 0 , induced by the collision process. Consequently, U is taken to be complex in order to account for this decay. The second part of the scattering potential is comprised of the remaining small potential v, which describes the coupling to the various surface dynamical processes that contribute to the scattering of the He* atoms. The scattering from this small potential v is treated within the DWBA. In the case of He 0 scattering the main contribution to v is from surface phonons. Since the 2 3 S He* atom has electron spin, Sϭ1, it couples to the surface electron spins via exchange interactions involving mainly the 2s electron. As a result, in the present case the small potential v includes inelastic scattering of the He* atoms from electron spin excitations, in addition to inelastic scattering from dynamical excitations of the surface atomic lattice, i.e., surface phonons. v is still treated within the framework of the distorted-wave Born approximation. However, since we are interested here in scattering events involving surface spin excitations we will ignore contributions from inelastic scattering events involving surface phonons. As will be shown below this is justified by the fact that both contributions are found to be of comparable magnitude and the omission of one has no significant impact on the resultant analysis of the other. Moreover, this allows us to distinguish the peaks associated with phonon scattering events from those associated with magnon scattering events in the inelastic He* scattering spectra, since the former can be unequivocally identified from spectra obtained by inelastic scattering of He 0 atomic beams from the same surface. The only exception is when magnons and phonons hybridize; however, such a case can be resolved by symmetry and by anomalous linewidths of the corresponding spectral peaks.
In this paper we shall adopt the scattering of He* from the NiO͑001͒ surface as our case study. The adiabatic potential U is then constructed through a procedure involving a detailed calculation of the electronic structure of a He*/NiO͑001͒ system performed for He*-surface separation distances ranging from 6 to 2 Å. In these calculations we use a cluster model and a configuration interaction approach based on Hartree-Fock orbitals. The real part of U is identified with the adiabatic potential energy surface, while the imaginary part is constructed from the spin-dependent local density of electronic states of the NiO͑001͒ surface. Finally, the effective exchange coupling energy is obtained as the energy difference between the parallel ͑quintet͒ and antiparallel ͑singlet͒ orientational configurations of the spinpolarizations of the He* atom and the Ni ion.
In Sec. II we first discuss the different types of interactions contributing to the scattering of He* atoms from solid surfaces. Next we present the details and results of the electronic structure calculations. In Sec. III we start with a description of the construction of a model Hamiltonian for the scattering process, and then proceed to outline the exact solution of the elastic scattering problem. In Sec. IV we derive an expression for the differential inelastic reflection coefficient, and in Sec. V we carry out a numerical evaluation of the efficiency of measuring an inelastic magnetic scattering event using the differential inelastic reflection coefficient expression thus derived, and discuss current experimental status and procedures that deem such measurements possible. Finally, we provide details of the derivation of the differential inelastic reflection coefficient expression in Appendices A and B. It is useful to consider first the different types of interactions that are known to occur between a He* atom and a solid surface. In addition to the long-range van der Waals type interaction we know the following:
͑i͒ Repulsive interactions arising from ͑a͒ orthogonalization between the atomic and surface wave functions, and ͑b͒ direct Coulomb interaction between the He* and the surface electrons.
͑ii͒ Attractive interactions arising from interorbital hybridization, including both local perturbations to the surface electronic states and polarization of the 2s He* electronic state. The latter may not be negligible since the binding energy of the 2s electron is about 4.7 eV.
͑iii͒ Interaction processes that lead to the decay of He* to the ground state (He 0 ), identified as either a resonance ionization followed by ion Auger neutralization ͑RIAN͒, or a Penning ionization ͑PI͒. The former is depicted in Fig. 1͑a͒ , and involves tunneling of the 2s He* electron into an empty degenerate surface electronic state, if available, followed by an Auger-like neutralization process involving two surface electrons, one fills the 1s He* hole while the second picks up the energy released. The latter may eventually be ejected from the surface if it has acquired sufficient momentum normal to the surface. The second process PI, shown in Fig.  1͑b͒ , is again Auger-like but involves only one surface electron that fills the He* 1s hole while the He* 2s electron picks up the excess energy and is ejected. This process will take place only if the surface electron involved has the proper spin orientation to fill the empty 1s state of the He* atom.
In the case of many insulators the He* 2s state falls in the insulating energy gap and the RIAN is inhibited, and the PI process becomes the only available channel for the decay of He* to He 0 . However, we notice that in the case of magnetic or antiferromagnetic insulating crystals the occupied electronic states at sites of the magnetic ions are localized and spin polarized with respect to the crystallographic axes, and display a periodic arrangement that may be commensurate or incommensurate with the underlying crystal lattice. In such a case the compatibility of the spin orientations of the surface electrons at a given magnetic ion site with the electron spin polarization of a He* atom impinging on this site will determine whether it will decay to the ground state or not. Consequently, we find that the decay probability of a He* atom will display the spatial periodicity of the surface electron spins, and, in turn, this will be manifested in a corresponding diffraction pattern obtained from the scattering of a monochromatic He* beam from such surfaces.
͑iv͒ Spin-spin interactions involving both direct and kinetic exchange between the He* 2s electron and a surface electron at a magnetic ion site. This interaction is treated separately when the surface electrons display local or global spin polarization. Interactions leading to internal spin flips of the 2s electron, i.e., a 2 3 S→2 1 S transition, are quite improbable since the 2s singlet and triplet metastable states of helium are separated by about 1 eV, which is much stronger than the expected strength of its exchange coupling with the surface electrons. Only external spin flips involving the total spin Sϭ1 of the He* atom are to be considered.
B. Cluster calculations of the He*/surface electronic structure
In order to simplify our analysis we shall consider scattering from surfaces of magnetic insulators, where the electron spins are localized; and we shall adopt the NiO͑001͒ surface as our example. Bulk NiO has the rocksalt structure with each Ni ϩ2 ion surrounded by six equidistant O Ϫ2 ions at the corners of a regular octahedron. The Ni-O distance is 2.08 Å. 12 Since the geometric relaxation of the neutral NiO͑001͒ surface is very small, each Ni ϩ2 ion at a regular position on the surface is surrounded by five O Ϫ2 ions as nearest neighbors with almost identical Ni-O distances. Except for the missing sixth O Ϫ2 ion, Ni ϩ2 has nearly perfect octahedral coordination.
For the study of the interaction of atoms or small molecules with the NiO͑001͒ surface, one generally uses cluster models containing one Ni ϩ2 ion and the five adjacent O Ϫ2 ions, with equal distances to the Ni ϩ2 ion, embedded in a semi-infinite Madelung field of point charges Ϯ2e, in order to compensate for the high negative charge of this cluster and to correctly describe the electrostatic field above the surface. This simple cluster model gave reliable predictions of the lowest excitation energies as well as the interaction potential of NO and CO molecules with the NiO͑001͒ surface. 13 We have studied the interaction of a He* atom with a similar NiO cluster. ͑3͒ The He* atom was placed along the line joining the Ni ϩ2 ion to the sixth octahedral apex, and valence CI calculations were carried out for several Ni-He* distances. In these calculations, the unmodified orbitals of the two separate SCF calculations were used, i.e., the SCF orbitals of the Ni ϩ2 -He* system at infinite separation were frozen. The valence CI calculations generate a large number of states and potential energy curves corresponding to all possible configurations He-Ni , and so on. The three potential curves that correlate asymptotically to the ground state of the cluster and He* are shown in Fig. 2 . Since the two states in this asymptotic channel are triplet states they will give rise to a quintet, a triplet, and a singlet state, which are separated by an exchange energy at finite separations, with the quintet being the lowest of these. We have found that the potential energy curve of the quintet state can be fitted by the function U(z)ϭU 0 exp͓Ϫ␣z͔, where z is the He*-Ni ion distance, U 0 ϭ40 eV and ␣ ϭ2.0 Å Ϫ1 . This potential energy function was taken as the real part of the adiabatic interaction potential for the He*-cluster, U, while the imaginary part of U is proportional to the local density of states associated with the Auger decay channel.
In order to check how large the induction energy is, i.e., the attraction between He* (2 3 S) and the surface due to the polarization of the He* atom in the electrostatic field above the surface, we have performed a series of calculations for He* above a pure point charge ͑PC͒ field, on top of either a Ni ϩ2 or an O Ϫ2 site. To account properly for the polarization effects, 5 semidiffuse and diffuse p functions have been added to the basis set of He. The results are shown in Fig. 3 , and can be summarized as follows:
͑i͒ The static interaction energy, calculated as the expectation value for He(1s2s,2 3 S) with the frozen orbitals of the isolated metastable He atom, is always repulsive for an approach towards the Ni ϩ2 site and attractive for the approach towards the O Ϫ2 site. As is well known, metastable He acts as an electrophilic substituent. 20 ͑ii͒ The induction energy is always attractive but smaller than the static interaction energy, therefore the potential curve for He* on top of the Ni ϩ2 site is always repulsive, up to a distance of 2.5 Å.
The exchange splitting between the three spin states dissociating into He*, 2 3 S, and Ni ϩ2 3 B 1 , is essentially given by the exchange energy between the 2s orbital of He* and the 3d z 2 orbital of Ni ϩ2 as a function of He*-Ni ϩ2 distance z. The exchange coupling J(z), shown in Fig. 4, was where ⌺ is the electron spin of the He* atom, s im is the spin of the ith surface electron centered on a magnetic ion ͑Ni in the present example͒ at position R m . The subscripts c and e refer to the He* ion core and its 2s electron, respectively.
͕R j ͖ are the position vectors of all the surface ion cores, both Ni and O, and ͕r i ͖ are the positions of all the surface electrons interacting with the He*. Now a transformation to the center of mass ͑c.m.͒ of the He* leads to
where Rϵ(R,z) is the c.m. of the He* atom, and P the conjugate momentum; while r and p are the relative variables of the 2s electron. When the adiabatic approximation is invoked and the electronic degrees of freedom are integrated over, Eq. ͑2͒ reduces to
where S m ϭ ͚ i s im , and v M is the magnetic interaction term. u j is the displacement of the jth surface atom from its equilibrium position and v P is the phonon interaction term. Notice that because J(͉RϪR m ͉) is a function of R it acts as an effective potential in the motion of the He*'s c.m., thus allowing energy exchange between the surface electron-spin system and the c.m. of a He* atom. U(R) is a complex potential whose real part is the adiabatic potential discussed above and whose imaginary part is proportional to the local density of occupied surface electronic states available for He* decay. An estimate of strength of the phonon contribution v P can be obtained from a consideration of terms of the form ٌU(RϪR j )•u j . Using the fit to the adiabatic and exchange potentials obtained above from the cluster calculations we find ϪٌU(z)ϭ␣U 0 exp͓Ϫ␣z͔ϳ80 exp͓Ϫ␣z͔ eV/Å. A magnitude of the atomic displacement uϳͱ2ប/M ϳ0.05 Å is obtained using Ni atomic mass and typical surface phonon frequencies for NiO. 21 We then find that v P ϳ4 exp͓Ϫ␣z͔ eVϳ2J 0 exp͓Ϫ␣z͔, which is of the same order as v M . This justifies dropping the phonon contribution to He* scattering, since it has no significant impact on the magnetic scattering, which is the focus of the present work.
According to the two-potential approach adopted in the present work we start by solving for the scattering states associated with the complex potential U(R). For the sake of simplicity, since we are only interested in studying the inelastic scattering channel associated with spin-spin interactions, we shall retain only the reciprocal lattice vector Ḡ ϭ0 component of U(R), thus neglecting the diffractive scattering channels that arise from the periodic spatial dependence of both the real and imaginary part of U. The ensuing potential can then be written in the form
where the imaginary part is expressed through the phase angle ␦. The scattering wave functions can then be written as
i.e., products of a plane wave for the particle motion parallel to the surface, and a normal wave function (Ϯ) (k z ;z), L is a quantization length. The wave functions (Ϯ) (k z ;z) obey the equation
where ͑ϩ͒ denotes outgoing and ͑Ϫ͒ incoming waves. The solutions for a real exponential potential, U 0 exp͓Ϫ␣z͔, have been derived by Jackson and Mott 22 in terms of modified Bessel functions of the second kind, K ip , with imaginary order ip, whose integral representation is given by
The eigenvalues and normalized eigenfunctions in this case are
where
We extend the solution to the present case of an exponential potential with a complex amplitude by writing y as
Ϫi␦/2 exp͑Ϫ␣z/2͒.
͑7d͒
It is clear from Eq. ͑6͒ that in the limit z→Ϫϱ, (y→ϱ), K ip →0; and the asymptotic form for z→ϱ, (y→0) is
where the last term in Eq. ͑8a͒ is a ⌫ function with an imaginary argument ip. The right hand side of Eq. ͑8͒ is comprised of incoming and outgoing plane waves, with a reflection coefficient amplitude of exp͓Ϫ2k␦/␣͔. Thus, we choose the normalization of the wave function ,
so that the incoming amplitude at zϭϱ is unity. We then identify the square of the coefficient of the outgoing wave exp͓Ϫ4k␦/␣͔ with the ratio of the reflected intensity (I s ) to the incident beam intensity (I 0 ). We can then make use of the results of our elastic scattering measurements of He* beams from NiO͑001͒ surfaces, 7, 8 carried out at k z Ӎ10 Å Ϫ1 , to estimate this ratio as I s /I 0 Ӎ5ϫ10 Ϫ3 and to obtain a corresponding estimate of the phase angle of the complex potential ␦Ӎ/10.
Because of the complex character of the scattering potential, evaluation of the transition matrix elements that enter the expression of the differential reflection coefficient requires the time-reversed solutions of Eq. ͑3͒ ͑Ref. 24͒,
which are simply K Ϫip (y*).
IV. THE DIFFERENTIAL REFLECTION COEFFICIENT
The differential reflection coefficient can be expressed in terms of the transition matrix T as
where E i ϭE i ϩប 2 k i 2 /2M and E f ϭE f ϩប 2 k f 2 /2M are the initial and final energies of the combined system, respectively with E the energy associated with the surface electron-spin system; j i ϭបk iz /M L is the incident flux, and (͕n i ͖) is the distribution of initial spin-wave states, given in terms of the surface magnon occupation numbers ͕n i ͖. 
͑11͒
The first term in Eq. ͑11͒ represents elastic specular reflection due to the potential U; since it is of no interest here it will be discarded, leaving the magnetic transition matrix element T f i M . As we show in Appendix A, the inelastic magnetic scattering contribution to the transition matrix T f i MI is given by
where QϭK f ϪK i ϩG. â Q † , â Q are surface spin wave creation and annihilation operators, respectively. A 0 is the area of a surface unit cell, and NϭL 2 /A 0 . Substituting for T f i in Eq. ͑10͒ we obtain
͑13͒
If the incident He* beam is unpolarized then the probability of up-spin is 1 3 ; moreover, the matrix elements
We then get
n(Q) is the thermal average of the occupation number of the Qth spin excitation mode.
We are now left with determining J(k f z ;k iz ). Using the expression J(z)ϷJ 0 exp͓Ϫ␣z͔ obtained in Sec. II, we find that a simple examination of the WKB approximation to the wave functions shows a z dependence ϳexp͓Ϫe Ϫ␣z/2 ͔, which effectively suppresses J at negative values of z, and justifies extending the integration to Ϫϱ, we thus obtain
and I(p,pЈ) given by
is evaluated in Eq. ͑B11͒ of Appendix B, where we show that for pЈ p
and thus obtain
where S n (q) and S n Ј(q) are defined in Appendix B. As is also shown in Eq. ͑B15͒ of Appendix B when pϭpЈ, I(p,p) has the simple expression
Substituting for J(k f z ;k iz ) in Eq. ͑14͒ we get
where we used the values for J 0 , U 0 , and ␣ given above. I(p,pЈ) is calculated numerically with the aid of Eq. ͑18͒. Typical results for ͉I( p,pЈ)͉ 2 obtained for ␦ϭ/10, and pϭ7, 9, and 11 Å Ϫ1 , are shown in Fig. 5 . We notice that in each case ͉I( p,pЈ)͉ 2 peaks at pϭpЈ, and that for ͉pϪ pЈ͉ϳ1.0-1.5 Å Ϫ1 of the order of typical surface Brillouin zone dimensions it is about 70% of its peak value.
V. ESTIMATED EFFICIENCY AND CONCLUSION
Finally, we are in position to assess the feasibility of measuring inelastic magnetic scattering events. We should bear in mind that the present calculation is only meant to suggest the order of magnitude of the inelastic magnetic scattering and not to present details of the corresponding spectra. We consider an angle-resolved atom-velocity analyzer with angular resolution function
where ( 0 , 0 ) define the angular position of the detector, and energy resolution function
We then take the convolution of these functions with the DIRC, assuming that ͉I( p,pЈ)͉ 2 does not change significantly over ⌬⍀ and ⌬k; we obtain the efficiency of measuring a spin-wave event (E 0 f , 0 ,0):
For the sake of simplicity we consider a simple isotropic antiferromagnetic dispersion relation for the surface spin waves in the long wavelength limit, 0 sin(Qa/2)ϳvQ, where v is the spin-wave velocity. Furthermore, we consider in-plane scattering, i.e., the azimuthal angle of the detector is taken to be f 0 ϭ0. Substitution in the expression for F͑Q͒ yields ␦ functions of the form ␦͓ប
. This allows us to express k f in terms of បv, f , and f , written simply as k f (), we then obtain
where k f 0 ϭk f ( 0 ). After some algebraic manipulations we obtain ͑E 0 f , 0 ,0͒ϳ2.1ϫ10
Using typical NiO values of បvϳ60 meV, Qϳ0.15 Å Ϫ1 , 25 and a final He* beam energy of E 0 f ϭ80 meV, and assuming ⌬ϳ2°we find that ϳ10
Ϫ6 . This is quite a remarkable result, since it demonstrates that He* beam fluxes Ͼ10 6 with energy resolution of ⌬Eϳ2 meV are quite adequate for the measurement of inelastic surface magnetic scattering events. He* beam intensities of 10 6 particles/sec are currently achievable in several laboratories, including ours. Moreover, experimental measurements of the inelastic events can be carried out using a time-of-flight ͑TOF͒ scheme where gating is provided by simply operating a metastable atom exciter, based on electron impact excitation, in a pulsed mode. The detection of the scattered He* atoms is simply realized by a channeltron electron multiplier, where an impinging He* atom decays to a He 0 upon collision with the channeltron surface, with an efficiency Ͼ99.9%, and the emitted electron is amplified by the multiplier; this detection scheme is currently used in our elastic He* scattering facility. The low efficiency of conventional TOF schemes, typically ϳ1%, can be increased to about 50% by implementing crosscorrelation techniques. [26] [27] [28] [29] In such a scheme a binary random sequence of gating pulses is employed, and the TOF spectra are then extracted from the ensuing measurement via well-known deconvolution techniques. These crosscorrelation schemes have been widely used in inelastic neutron scattering spectroscopy, and have been used in inelastic He 0 scattering measurements by Comsa et al., 30 and by our group. The present results, therefore, provide a tangible in- centive to extend the capability of He* scattering facilities to the measure surface spin-wave dispersions and surface electron spin dynamics. The need of such measurements has been much discussed but never realized. 31 Magnetic neutron scattering spectroscopies have revealed a variety of interesting properties of the bulk of magnetic systems. For example, systems with single-site anisotropy are found to have strong magnon-phonon hybridization, while those possessing quasitwo-dimensionality have shown persistent dynamical spin correlations well above the Néel temperature. 32 Above all, the recent studies of the parent crystals of high-temperature superconductors have provided information that was crucial in elucidating the connection between electron-spin correlations and the mechanisms responsible for the superconductivity in these systems. 33 It would not be surprising to anticipate that the application of inelastic He* scattering to study surface electron-spin dynamics of magnetic crystals, should reveal a myriad of interesting phenomena, since these systems have both lower dimensionalities and symmetries that tend to enhance anisotropies and introduce competing mechanisms that may give rise to a variety of exotic structural phases and dynamical properties. 
The term in Eq. ͑A1͒ involving ⌺ z S m z represents magnetic elastic specular scattering, which is also of no interest here and will be dropped, leaving T f i MI . Noticing that J is very short ranged, so that a He* atom will effectively couple only to the nearest surface magnetic atom directly under it, we may write
, where a is a length of the order of the unit cell dimension, and obtain
͑A2͒
Setting a 2 ϷA 0 the surface unit cell area, and expressing S m ϩ and S m Ϫ in terms of bosonic local spin-deviation creation and
and using the relations
where â Q † , â Q are the corresponding surface spin-wave operators, and Nϭl 2 /A 0 , we obtain for the inelastic magnetic transition matrix element
where QϭK f ϪK i ϩG. where the contour in the last integral is shown in Fig. 6 . The integrand has poles at Tϭi(Ϯ␦)/2, so that cosh͓i(/2)Ϯi␦͔ ϭϯsin ␦, and we obtain
